Using cleared-and-stained whole mounts and computer-aided three-dimensional reconstructions made from serial histological sections, we studied the development of the pectoral girdle in Discoglossus pictus , an extant member of an ancient frog lineage, represented for example by Eodiscoglossus from the Middle Jurassic to Early Cretaceous periods in Europe. Basic developmental features were compared with those of extinct Temnospondyli, considered to be the most probable anuran ancestors, and with Triadobatrachus , an early Triassic proanuran. In the endochondral girdle, the separate scapula and coracoid of Discoglossus and other anurans (completed by suprascapular and procoracoid cartilages) evolved from the compact scapulocoracoid of temnospondyls by paedomorphosis. In parallel, the dermal ossifications of the girdle were reduced to a small clavicle and cleithrum. The overall reduction in ossification of the anuran pectoral girdle supports the hypothesis of a paedomorphic origin for Anura. The almost simultaneous appearance of dermal and endochondral ossifications may be explained by the accumulation of developmental events during a short, distinct metamorphosis (which did not occur in neotenic temnospondyls living permanently in water). The sternal elements seem to be neomorphs for the most part, which help to cushion the shock of landing in jumping anurans but which also evolved as functional substitutes (insertion area for the pectoralis muscles) of the temnospondyl interclavicle.
Introduction
Anurans are one of three clades of modern amphibians (i.e. anurans, caudates and apodans, often grouped under the name 'Lissamphibia'), which are known by their peculiar, saltatory locomotion. Like caudates, they are contemporary survivors of the late Permian and Triassic members of the amphibian group Temnospondyli (although the modern amphibian orders, in a strict sense, belong among Temnospondyli, the term 'temnospondyls' is often employed in its traditional, informal sense as shorthand for extinct 'non-lissamphibian' temnospondyls). Comparisons of the anuran skeletal structure with that of Permo-Triassic temnospondyls (roughly dated to 300-250 Ma) revealed that it most closely recalls some neotenic, i.e. permanently waterdwelling Dissorophoidea or Capitosauroidea, which did not undergo metamorphosis into a terrestrial adult. This explains why the origin of anurans is meaningfully explained as a result of abbreviated somatogenesis.
The pectoral girdle of anurans (Fig. 1A) retains nearly all the skeletal elements of early tetrapods. However, as with the general trend in all tetrapods, the dermal part is strongly reduced. The interclavicle was a large median element connecting both halves of the girdle in early tetrapods and their piscine ancestors (Jarvik, Variation in the size and proportions of the temnospondyl interclavicle occurred even within species and was obviously ontogenetic (Warren & Snell, 1991) .
However, this dermal element was lost in anurans and the pectoralis muscles became attached to new, median elements of endochondral origin. The clavicles and cleithra were still relatively broad, thin plates in extinct temnospondyls, whereas in anurans the clavicles are slender and elongated, and the cleithra are represented by vestigial dermal ossification adjoining the suprascapular cartilage.
In the most primitive tetrapods, the endochondral part of the shoulder girdle was a single element termed the scapulocoracoid. In the osteolepid ancestors of tetrapods, this bone was fused to the inner surface of the cleithrum but was the only element contributing to the glenoid in which the pectoral fin articulated (Jarvik, 1980; Clack, 2000) . However, in the earliest tetrapods ( Ichthyostega , Acanthostega ), the scapulocoracoid became partly exposed in lateral aspect due to reduction of the cleithrum (Jarvik, 1996; Clack, 2000) . In extinct temnospondyls there was apparently only one centre of ossification in the endochondral part of the girdle (Warren & Snell, 1991) but in some anthracosaurs ( Seymouria ) there was a second, ventral, ossification centre. In addition, the presence of a separate coracoid ossification in the nectridean genus Diplocaulus may suggest that the scapulocoracoid was already divided into two parts in some early tetrapods (Romer, 1947) . In all anurans, the scapula and coracoid are the two principal ossifications of the girdle, and they are well separated from each other.
As the interclavicle was lost in the course of the temnospondyl-anuran transition (Ro C ek & Rage, 2000) , the pectoralis muscles became attached to thin but extensive overlapping cartilages attached to the medial end of each coracoid (a condition termed 'arciferal'; Kaplan, 2004) . No sternum has ever been reported in primitive tetrapods, but it may be assumed that some cartilaginous structures serving for the insertion of pectoral muscles were present between the two halves of the girdle. These structures may have been similar to the sternal elements of recent caudates and anurans (e.g. Engler, 1929; Francis, 1934; Hoffman, 1936) , and they may have expanded into the area previously occupied by the interclavicle. Whatever their size and morphological appearance, these postulated cartilaginous sternal elements in temnospondyls did not articulate with the ribs, so the girdle was separate from the axial skeleton and attached only by muscles. This was no doubt an important precondition for the landing phase of the frog jump. The reduction of the ribs in anurans was probably not a direct consequence of saltatory locomotion, but was a prerequisite for jumping, as may be judged from the markedly reduced (or underdeveloped) ribs in Triadobatrachus , a proanuran amphibian from the early Triassic (some 250 Ma), which was not yet capable of jumping (Rage & Ro C ek, 1989 ).
The pectoral girdle of the only specimen of Triadobatrachus is badly crushed and intermingled with fragments of the lower jaw, making interpretation difficult. Rage & Ro C ek (1989) (Milner, 1988; Schoch, 1995) , but a shortening of the ossification sequence that culminated in the loss of some dermal bones apparently occurred later, during the temnospondyl-anuran transition, as evidenced from comparisons of complete ossification sequences, e.g. in branchiosaurs (Boy, 1974) and the simplified anuran skeletal structure. The shortening of the ossification sequence in anurans not only eliminates those elements that appeared in the late larval or post-metamorphic stages of branchiosaurs (e.g. ectopterygoid, prefrontal, postfrontal, postorbital, jugal, interclavicle; Shishkin, 1973; Smirnov, 1995 Smirnov, , 1999 , but also arrests ossification at an earlier level (cartilage or even membrane), before it is complete (e.g. sclerotic ring, braincase, otic capsule). Arrested ossification is particularly conspicuous in caudates (especially neotenic caudates) where the dermal part of the shoulder girdle (including clavicles and cleithra) is entirely lost and the endochondral part ossifies only as a tiny scapula, with all other parts remaining cartilaginous (Hoffman, 1936) . Similar consequences of arrested ossification of the scapulocoracoid may be supposed in temnospondyls; the scapulocoracoid of Palaeozoic taxa was well ossified but it became progressively smaller and less well ossified in Mesozoic taxa (Warren & Snell, 1991) . It may be supposed that if the scapulocoracoid of temnospondyls developed from two ossification centres that coalesced with one another in adults, then arrested ossification in anurans could result in the retention of two elements separated by cartilage, as is the case in the anuran otic capsule in which the prootic and opisthotic are isolated by a strip of cartilage. 
Materials and methods
We examined 87 captive-born individuals of painted frog Discoglossus pictus . This developmental series was bred in the laboratory of the Department of Zoology, University of South Bohemia, C eské Bud ´ jovice. The specimens were staged according to the table of normal development of Xenopus laevis (Nieuwkoop & Faber, 1967) ; stages are abbreviated as NF in the text.
Each larval and metamorphic stage (NF 50-66) was represented by at least three, but usually five, individuals, and this series was supplemented with five subadult and four adult specimens. The specimens were all cleared and double-stained for bone and cartilage following the method of Wassersug (1976) , with slight modifications. Seven additional individuals (stages 54-55, 55-56, 57-58, 59, 61, 63 -64 and 66) were studied on three-dimensional (3D) models developed from histological sections using 3D Studio MAX 5.0, and smoothing with Corel Photo-Paint 8.0 and Corel Draw 8.0. Osteological terminology follows that of Gaupp (1896) and Duellman & Trueb (1994) . Photographs were taken using a Nikon SMZ 1500 binocular microscope fitted with a Nikon DXM 1200 digital camera.
Illustrations were made from photographs using Microsoft Office Power Point. 
Results
The forelimb buds are recognizable in NF stage 51 as oval condensations of connective tissue, located on the dorsal side, posterolateral to the otic capsule. The earliest chondrification centre is that of the humerus and appears in stage 52, when the forelimb bud protrudes from the outline of the body as a slightly bent paddle (Fig. 1B) . The pectoral girdle appears shortly afterwards, in stage 53 (Fig. 1C) , from two chondrification centres near the proximal end of the humerus; the rudiment of the coracoid is oval and located ventrally, whereas that of the scapula is circular, and located dorsally. Shortly afterwards, during stages 54 -55, another chondrification centre appears, clearly separated from the others and elongated in shape; this is the primordium of the procoracoid. The procoracoid then joins the lateral end of the coracoid (intumescentia glenoidalis). By stage 56, the three elements (i.e. procoracoid, coracoid and scapula) have fused to one other. At the same time, the suprascapula appears as a thin cartilage connected to the dorsal edge (margo suprascapularis) of the scapula (Fig. 1D) .
After NF stage 57, chondrification extends so that the scapula, procoracoid and coracoid gradually achieve their ultimate shape, preformed in cartilage.
Two separate connections between the scapula and coracoid are formed at stage 57 (Fig. 1E) . The first is a thin curved bridge connecting the pars acromialis of the scapula with the anterolateral end of the coracoid Ossification begins at stages 57 -58 (Fig. 1E,F) , the dermal elements before the endochondral elements. Concomitant with the beginning of ossification (stages 57-58), the glenoid cavity attains its final shape as a result of development of its constituent elements; consequently, the foramen glenoideum becomes reduced in size. A pair of cartilaginous rods (the early constituents of the xiphisternum) appears on the ventral side, posterior to the epicoracoids (Fig. 1H) . They grow in size and soon they join to form the xiphisternum. Shortly afterwards, they become connected to the epicoracoids by connective tissue; this connection chondrifies in advanced metamorphosis (stages 63-64;
Figs 1I and 2C). The xiphisternum then grows posteriorly. When metamorphosis is complete (NF stage 66<), a small independent cartilage appears anterior to the medial tips of both procoracoids (and/or clavicles). This is the rudiment of the unpaired prezonal sternal element termed the omosternum (Fig. 1J) . Later this becomes a thin cartilaginous rod that is moderately swollen at its anterior end.
At the end of metamorphosis (NF stage 66), the pectoral girdle (like other parts of the skeleton) is only feebly ossified (Fig. 1I) . Ossification of both endochondral and dermal elements continues throughout postmetamorphic development. The cleithrum grows in size and ultimately covers a large portion of the anterior and dorsal surface of the suprascapula (Figs 1K and 2D ). The clavicle overlaps the glenoid end of the procoracoid.
Even in fully mature adults, some calcified areas may be recognized within the epicoracoid, suprascapula and xiphisternum (Fig. 1J) .
Discussion
Discoglossus is a modern survivor of the ancient discoglossoid phylogenetic lineage, the earliest representatives of which are known from as early as the middle Jurassic (Evans et al. 1990 ), more than 160 million years sternal elements considered to be neomorphs; see below) should correspond to that of an earlier developmental stage in extinct temnospondyls; in other words, the anuran pectoral girdle is an 'underdeveloped' temnospondyl girdle (the 'hypomorphosis' of Alberch et al. 1979) . Therefore, attempts to derive features in the pectoral girdle of adult anurans from that of adult temnospondyls are meaningless unless they too belong to paedomorphic lineages. However, differences in the morphology of homologous structures may be used to infer the degree of evolutionary change that occurred during the temnospondylanuran transition.
It is apparent that the general developmental pattern of the pectoral girdle is the same in all anurans, disregarding their evolutionary status. The earliest rudiments of endochondral elements are the scapula and coracoid, which are soon joined by the procoracoid. The same observation was made in Discoglossus sardus (Púgener & Maglia, 1997) , as well as in Rana pipiens (Shearman, 2005) . Some authors did not recognize the procoracoid as an independent chondrification centre (De Vos, 1938; Hall & Larsen, 1998; Baleeva, 2001 ) and considered its earliest rudiment to be a part of the developing scapula. Dermal ossification of the pectoral girdle (clavicle and cleithrum) in Discoglossus begins almost simultaneously with the appearance of endochondral ossification centres within the scapula and coracoid. It is also worth noting that in discoglossids ( Discoglossus , Bombina ) dermal ossification begins earlier (e.g. Púgener & Maglia, 1997; Maglia & Púge-ner, 1998 ; our personal observations) than in more derived taxa, such as Bufo and Rana (Shearman, 2005;  our personal observations).
In typical adult temnospondyls (exemplified by Dendrerpeton from the late Carboniferous; see Holmes, 2000) , the main part of the pectoral girdle consists of the large dermal elements (interclavicle, clavicles and cleithra). The scapulocoracoid is unitary and bears a glenoid; its scapular portion is pierced by a supraglenoid foramen located dorsal to the glenoid, and the coracoid plate is pierced by a supracoracoid foramen.
In the earliest known temnospondyl larvae, the dermal skeleton of the pectoral girdle (interclavicle, clavicles and cleithra) was fully formed whereas only a small portion of the supraglenoid region of the scapulocoracoid was ossified (Boy, 1974; Schoch, 1992; Boy & Sues, 2000) . Even in adult individuals of some Branchiosauridae (which were neotenic) the scapulocoracoid was incompletely ossified. This means that dermal ossification still dominated in their pectoral girdle and markedly preceded endochondral ossification. By contrast, the scapulocoracoid was already subject to hypomorphosis in some neotenic temnospondyls. Its scapular part ossified separately from the coracoid part, so that they can be considered independent elements, and markedly preceded the coracoid in developmental sequence (Boy, 1974, appears in the middle of larval development, whereas the coracoid was found only in most advanced individuals (Boy, 1974; Schoch, 1992) . In some other groups of extinct Temnospondyli related to anuran ancestry (e.g.
Capitosauridae and Brachyopidae, which extend to the Early Triassic), development was similar and various features observable in anuran development (especially of the skull; see Shishkin, 1973) can be found in their adult anatomy. All were permanent water-dwellers dependent largely on gill respiration.
In contrast to extinct neotenic temnospondyls (and, to a lesser degree, also to caudate amphibians), anurans undergo metamorphosis, which is a short, dis- Villiers, 1922) , as a functional response to the need for fixation of the glenoids. This region is still incomplete in discoglossids, but is massive and fully functional in advanced anurans, and may be partially ossified. The sternal elements (except for the epicoracoids) may be considered neomorphs that, seen from a purely functional standpoint, serve for shock absorption in the landing phase of the jump (Emerson, 1983 (Emerson, , 1984 . However, in the context of evolutionary morphology, they provide a functional substitute for the interclavicle of anuran ancestors because they have taken over the role of providing an insertion surface for the pectoralis muscles, which were undoubtedly present in the earliest tetrapods. 
Conclusions

